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Reproductive division of labor, characterizing eusocial insect societies, is predicted to
reduce efficacy of selection on genes involved in worker traits as selection will be mainly
effective in the reproductive caste. Indirect selection acting through a share of genes due
to relatedness might be a weak force. Thus, all being equal, population genetic theory
adapted to genes with social effects on fitness predicts a higher polymorphism within and
between populations on such genes compared to genes with direct effects on fitness. In
order to test this prediction empirically, we use social and non-social bumblebee species,
all belonging to the genus Bombus. Non-social bumblebees are social parasites of the
social species, invading host nests during an early phase of colony development. The
parasitic bee, lacking a worker caste, kills the resident queen and starts reproducing,
utilizing the host workers in brood care. Three social-effect genes, foraging (for), salivary
gland secretion 3 (sgs3), and vitellogenin (vg), were chosen as well as some control
genes to be amplified in two social bumblebee species and in two parasitic (non-social)
species. High coverage amplicon re-sequencing was used to determine levels of intra-
and inter-specific polymorphism. Social effect genes show contrasting rates of evolution.
While vg shows a pattern of slightly positive selection, but no sign of social pleiotropy,
sgs3 is expected to be a socially pleiotropic gene. The signature of high intraspecific
polymorphism, low divergence and the adaptive fixation of derived alleles, along with
its expression pattern, predict a socially pleiotropic effect. By contrast, for shows high
levels of conservation between social species, suggesting a role in worker behavior but
also functions in queens. This empirical test of evolutionary theory suggests that social
effect genes might also operate in both castes resulting in difficulties to interpret effects
on molecular evolution. No general molecular pattern of social effect genes could be
detected without taking into account their function in each caste and the direction of
selection they experienced. Nevertheless, social effect genes experienced a stronger
selection pressure in social than in parasitic species.
Keywords: social pleiotropy, vitellogenin, foraging, salivary glue protein, relaxed selective constraint, positive
selection, bombus, Psithyrus
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INTRODUCTION
Social insects represent one of the major transitions in evolution
(Maynard-Smith and Szathmáry, 1995), from solitary to obligate
group living with reproductive division of labor. Within a colony
there is a reproductive division of labor between the queen(s)
and the workers, the latter usually being functionally sterile
(Bourke, 1988). Workers engage in different tasks related to
brood care, nest construction, maintenance and defense as well
as foraging for food. The reproductive division of labor could
result in a drastic decrease of the effective population size (Ne;
Romiguier et al., 2014) and at least reduce the ratio of census
to effective population size. Moreover, the Hymenoptera due to
haplo-diploid sex determination have already a low Ne compared
to diplo-diploid species (Crozier, 1977). Other evolutionary
forces might also be affected by sociality, especially the mutation
rate (Bromham and Leys, 2005). Indeed, continuous oogenesis
known in Hymenoptera (Büning, 1994) has been proposed to
lead to a generation-time effect for the mutation rate, which is
higher in social species compared to solitary ones (Schmitz and
Moritz, 1998; Bromham and Leys, 2005). This will be especially
pronounced in social Hymenoptera that produce sexuals toward
the end of a breeding season or later in their lifetime. The
production of workers could lead to the accumulation of
mutations during subsequent meiosis so that reproductives
produced after such time lag, carry a higher mutational load
than solitary Hymenoptera (Bromham and Leys, 2005). Thus,
social insects might produce higher amounts of genetic variation
due to higher mutation rates, and their reduced Ne might let
selection operate less effectively, purging mutations. This in
turn will lead to an increase and spread of non-synonymous
mutations and increased divergence between species. Socially
parasitic species usually have lower Ne than their eusocial hosts
(Erler and Lattorff, 2010), but their mutation rate might be lower
than that of their hosts. The phylogenetic comparative study by
Bromham and Leys (2005) suggests that Ne has a more profound
effect on sequence variability than the mutation rate.
The effects of Ne, mutation, and selection become visible
at the molecular level. Direct measurements derived from the
analysis of DNA sequences are the amount of variation within
and between species. Furthermore, variation within protein
coding DNA can be subdivided into non-synonymous (protein
changing) and synonymous mutations (Miyata and Yasunaga,
1980; Gojobori, 1983; Li et al., 1985; Nei and Gojobori, 1986).
Synonymous mutations are an indicator of the mutation rate, as
they are usually selectively neutral and remain in the population
and eventually become fixed, contributing to the synonymous
divergence between species. By contrast, non-synonymous
mutations are exposed to selection that will either remove
deleterious or favor adaptive mutations, resulting in a reduction
or increase of divergence, respectively. With high selection
coefficients, variation within a population will be eradicated, and
under high Ne, even small selection coefficients will be effective.
Thus, a reduction of Ne will result in increased polymorphism
within a population, especially for non-synonymous changes that
might even spread to fixation, a random process also known
as genetic drift. However, low selection coefficients might also
result in increases of the rate of intra-specific non-synonymous
polymorphism (reviewed in Li, 1997).
Sociality, especially reproductive division of labor, creates a
condition that not only affects the mutation rate and Ne but
also the efficacy of selection. Social insect queens and workers
are females that carry the same genome, as their caste fate
is determined by a mix of environmental and genetic factors,
although the relative influences on caste determination might
vary between species (Wheeler, 1986; Crozier and Pamilo,
1996; Schwander et al., 2010). Genes affecting basic female
function are expressed in both queen and workers and therefore
are easily exposed to selection. Genes expressed exclusively
in queens are also directly exposed to selection, whereas
genes exclusively expressed in non-reproductive workers can
be selected on indirectly via their proportional share in queens
(Linksvayer and Wade, 2009; Hall and Goodisman, 2012;
Linksvayer, 2015). Hence, selection might become inefficient
for traits expressed exclusively in sterile workers. Additionally,
genes might be expressed in both castes but have different
functions (social pleiotropy) and thus might be subject to
antagonistic selection pressures (Holman, 2014). This will
result in a net selection coefficient being much smaller than
selection coefficients in either caste, resulting in an increase
of non-synonymous polymorphism for such socially pleiotropic
genes (Linksvayer and Wade, 2009; Hall and Goodisman,
2012).
This well-developed body of theory (Linksvayer and Wade,
2009; Hall and Goodisman, 2012; Linksvayer, 2015) has not
been substantially tested in empirical studies. We use a unique
study system of social and non-social species of bumblebees
(Cameron et al., 2007). Non-social bumblebees (Bombus,
subgenus Psithyrus), also called cuckoo bumblebees, are social
parasites that invade nests of social bumblebee species during
the early development phase of the colony, kill the resident
queen, and then start reproducing, utilizing the host workers for
brood care (Goulson, 2009). As parasite species do not possess
a worker caste, any gene that is socially pleiotropic in social
species will be exposed to selection directly in the females and
not be constrained by antagonistic selection pressure in another
caste. Additionally, genes showing worker-exclusive expression
will be under relaxed selection in species lacking a worker
caste.
We have chosen three genes likely to show a social effect,
foraging (for), salivary gland secretion 3 (sgs3), and vitellogenin
(vg) as well as control genes (EF1α, LDRh, r2d2) to be amplified
in social and non-social bumblebee species. Foraging is known
to be involved in division of labor in eusocial insects (Ben-Shahar
et al., 2002; Ingram et al., 2011; Tobback et al., 2011; Lockett et al.,
2016) and is highly expressed in the brains of workers switching
from nursing to foraging tasks in the honeybee (Ben-Shahar
et al., 2002). The foraging gene encodes a cGMP-dependent
protein kinase, which is known to have numerous roles in the
nervous system, specifically in the development of the visual
system (Ben-Shahar et al., 2003). Sgs3 encodes a salivary gland
protein. This gene was selected due to its expression pattern, and
is highly expressed in queen-destined first instar larvae (before
caste determination) compared to worker-destined first instar
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larvae. At the adult stage, its expression pattern is the opposite,
since it is expressed only workers (Pereboom et al., 2005).
Therefore, we suspect this gene to play an important role for the
worker caste or to be socially pleiotropic due to its expression
pattern. The gene vitellogenin was chosen for its known social
pleiotropy and the extensive information available in A. mellifera
(Amdam et al., 2003; Corona et al., 2007; Kent et al., 2011). In
A. mellifera, vitellogenin encodes an egg-yolk protein in queens,
while in workers it is utilized for producing food for feeding
larvae (Amdam et al., 2003). We used high coverage NGS
(next generation sequencing) amplicon resequencing in order
to determine levels of intra- and interspecific polymorphism
in two pairs of social bumblebees and their socially parasitic
cuckoo species. We analyse the effects of indirect selection on
gene evolution due to the presence of a worker caste in pairwise
combinations.
MATERIALS AND METHODS
Sampling of Bumblebees
For one pair of species of social and parasitic bumblebees,
Bombus terrestris and Bombus vestalis, respectively, freely
foraging haploid males (N = 20 each) were caught in July
2010 and 2011 in the Botanical Garden of the Martin-
Luther-University Halle-Wittenberg, Germany (N 51.49;
E 11.96). The other pair of species, B. lapidarius and
B. rupestris, was represented by diploid females (N = 5
each) captured during foraging flights at the end of May 2012
in Sangerhausen, Germany (N 51.45; E 11.32). Individuals
were stored in ethanol and kept frozen at −20◦C until further
processing.
Selection of Genes and Primer Design
Control genes, Elongation Factor 1α (EF1α) and Long-wavelength
Rhodospin (LRDh), which are known to be under purifying
selection, were chosen from Cameron et al. (2007) to account
for similarities between species. Another control gene, r2d2,
a gene of the anti-viral siRNAi pathway, known to be under
positive selection was selected from Helbing and Lattorff (2016).
Vitellogenin (vg), foraging (for), and salivary glue protein (sgs3)
were chosen as social effect genes to be amplified and sequenced
for detecting differential evolutionary constraints between social
and parasitic species.
Primers were designed to be shared between bumblebee
species and to encompass the sgs3, for and vg genes within a
10 kb length limit using Primer3 (Untergrasser et al., 2012)
and B. terrestris and B. insularis (Woodard et al., 2011; Sadd
et al., 2015) as reference genomes/scaffolds. Primers for r2d2
were developed in Helbing and Lattorff (2016) and primers for
control genes EF1α and LDRh were taken from Cameron et al.
(2007).
DNA Extraction, Amplification,
Electrophoretic Separation, and
Purification
High quality DNA was extracted from flight muscles using
the DNeasy blood and tissue extraction kit (Qiagen). Quality
and quantity was verified using Nanodrop 1000 (Peqlab). PCR
reactions (25 µL) were conducted using the long DNA fragment
amplifier LA Taq kit (Takara/CloneTech) with 50 ng of individual
total DNA, 1 U Taq polymerase, 0.25 mM dNTPs, and 0.5 µM of
each primer. Qualitative controls of amplifications were carried
out on a 0.7% agarose gel for long sequences (>1 kb: vg, for,
sgs3) or on the QIAxcel (Qiagen) for the short sequences (<1 kb,
control genes, r2d2). For the 0.7% agarose gel 9 µL of the PCR
product were used for the migration, 1 µL for the QIAxcel (for
detail, see Table S1). PCR products were purified using SureClean
DNA purification kit (Bioline). The purified DNA was diluted in
20µL HPLC water and amount of DNAwas determined with the
Nanodrop 1000 (Peqlab).
DNA Sequencing and SNP Detection
PCR products were sequenced with the Ion Torrent PGM (Life
Technologies) and sequencing reads were imported into CLC
Workbench (Qiagen). Sequencing reads were mapped using
reference sequences from B. terrestris (Sadd et al., 2015). In
addition, a de novo assembly was performed for each species
other than B. terrestris. Mapped reads were used to discover single
nucleotide polymorphisms. Sequences for every gene and species
including the A. mellifera homolog sequences (Elsik et al., 2014)
as an outgroup were manually aligned using BioEdit (Hall, 2011).
Population Genetic Analyses
DNAsp (Librado and Rozas, 2009) was used to estimate
several population genetic parameters and statistics. Intra-
specific diversities for synonymous (pis), non-synonymous (pia)
and silent sites (pisil) were calculated for every gene. Silent
sites include variable sites within non-coding regions (5′ and 3′
flanking region, introns). Divergence estimates were calculated
for synonymous (Ks), non-synonymous (Ka), and silent sites
(Ksil) using A. mellifera as outgroup.
Different tests for neutrality were used. The McDonald-
Kreitman test is based on the divergence/polymorphism ratio
within and between species and was used to detect signatures
of positive selection. Apis mellifera was used as outgroup
for every species. For social effect genes, social bumblebees
were tested against their specific cuckoo bumblebee in a
pair-wise comparison. Tests based on the allele frequency
distributions (Fu and Li’s D test and Fay and Wu’s H test), the
latter using A. mellifera as an outgroup in order to polarize
mutations, were performed. Coalescence simulations were used
to infer significance levels and confidence intervals, as the
test results in point estimates. Fu and Li’s D reveals whether
there is an deficiency (negative D) or excess (positive D) of
low frequency mutations in the intra-specific data compared
to the outgroup branch, which indicates purifying selection
(negative D) or balancing selection (positive D). Fu and Li’s
D might be affected by demographic factors like population
expansions. Fay and Wu’s H is used as an indicator of
selective sweeps due to positive selection as it tests for an
excess (negative H) of high and intermediate frequency alleles.
Demographic factors like population expansions do not affect Fay
and Wu’s H.
Frontiers in Ecology and Evolution | www.frontiersin.org 3 June 2016 | Volume 4 | Article 64
Fouks and Lattorff Evolutionary Rates of Social Effect Genes
RESULTS
Control Genes
Purifying and positive selection were effective in all the species
indicated by the control genes (Table 1; Table S2). Two genes
predicted to be under purifying selection were used, EF-1α and
LDRh. These showed the typical intra-specific patterns of low
synonymous (pis) and non-synonymous polymorphism (pia),
although the two species of socially parasitic bumblebees showed
elevated levels of pis for EF-1α, an order of magnitude higher
than for social bumblebees or the gene LDRh (Table 1; Table S2).
Estimates for the divergence of sequences using Apis mellifera
as outgroup indicated high levels at silent sites (Ksil) with low
variability among species (coefficient of variation (CV), EF-1α:
4.5%, LDRh: 3.3%). Within the coding sequence, divergence
at synonymous sites (Ks) was slightly lower than Ksil while
non-synonymous divergence (Ka) was extremely low. This also
resulted in low evolutionary rates at the protein level (Ka/Ks) for
genes under purifying selection.
A control gene under positive selection is r2d2, a gene of the
anti-viral siRNAi pathway (Helbing and Lattorff, 2016). Here,
positive selection was indicated by the absence of intra-specific
polymorphism (pis, pia), low Ks and high Ka values resulting in
elevated levels of protein evolution (Ka/Ks; Figure 1; Figure S1).
Social Effect Genes
Vitellogenin
The gene coding for vitellogenin (vg), the major egg yolk protein,
showed slightly higher values for pis and pia than control genes.
Ks and Ka were in a similar range for B. terrestris and B. vestalis
(Table 1; Figure 1), while B. lapidarius showed higher divergence
than B. rupestris. This led to slightly higher levels of protein
evolution in B. lapidarius (Ka/Ks: 0.59) compared to the other
species (0.42–0.51; Table S2; Figure S1).
MK-tests did not reveal any significant departures from
neutral evolution, whether in comparisons with the outgroup,
A. mellifera, or in within-group comparisons (B. terrestris vs.
B. vestalis (Table 2) or B. lapidarius vs. B. rupestris (Table S3).
Polarizing the mutations using A. mellifera as an outgroup and
testing the frequency spectra of polymorphisms using Fay and
Wu’s H resulted in significant negative values for B. terrestris
(H = −22.43, P= 0.006, Table 2) andmarginally non-significant
negative values for B. vestalis (H = −11.12, P = 0.057). Within-
group comparisons revealed significant differences in the B.
terrestris/B. vestalis group only (BT vs. BV:H =−22.01, P= 0.03;
BV vs. BT: H =−20, P = 0.038, Table 2).
Foraging
Intra-specific polymorphism in foraging (for) was only slightly
elevated in comparison with control genes. Social species showed
a higher number of variable sites, both within coding sequences
and introns. pia appeared to be slightly lower in social than
in parasitic species. Sequences showed a high synonymous
divergence (Ks ∼0.8–1.1), but followed no obvious pattern.
However, Ka was substantially lower in social than in parasitic
species in a pairwise comparison. This resulted in a lower rate
of protein evolution in B. terrestris (Ka/Ks: 0.018) compared to
FIGURE 1 | The rate of amino acid evolution (Ka/Ks) and
nonsynonymous polymorphism of social effect genes of Bombus
terrestris (blue) and Bombus vestalis (red). Dashed, horizontal lines
delineate the average for Ka/Ks, whereas vertical lines delineate the mean for
non-synonymous polymorphism of EF-1α and LDRh of B. terrestris in blue, B.
vestalis in red. The solid lines represent the average of EF-1α and LDRh for
both species. Genes experiencing positive selection are expected to have
increased Ka/Ks and reduced diversity (top-left quadrant), whereas those
experiencing strong purifying selection are expected to have reduced diversity
and Ka/Ks (near the origin). Balancing selection is expected to increase
diversity and reduce Ka/Ks (bottom right quadrant), whereas relaxed
constraint is expected to increase diversity and Ka/Ks. Full squares, triangles,
circles and crosses represent respectively vg, for, sgs3, and r2d2.
B. vestalis (0.17, Figure 1; Table 1). The other group of species
showed a similar association (Table S2).
MK-Tests based on A. mellifera as outgroup revealed
no significant deviation from neutral expectations. Using A.
mellifera as an outgroup for polarization, Fay andWu’s H showed
significant negative values in parasitic species (B. vest.: H =
−6.35, P = 0.038, Table 2; Table S3), while in B. terrestris this
association was close to significance (H = −5.52; P = 0.052,
Table 2).When using the same test within bumblebee species, the
most extreme comparisons comprised those of parasitic species
contrasted with a social species as an outgroup (B. ves. vs. B. ter.:
H = −5.28, P = 0.024, Table 2; Table S3). Thus, an excess of
derived high frequency variants was found in parasitic species,
while social species showed low levels of divergence.
Sgs3
This gene showed the highest levels of intra-specific variation
of all analyzed genes. Both, pis and pia, showed values an
order of magnitude higher than for the other genes (Table 1;
Figure 1; Table S3; Figure S1). For all species a high number of
segregating sites was found and all showed higher numbers of
non-synonymous than of synonymous mutations. Ks values were
exceptionally high, whereas Ka values showed extremely high
levels in parasitic species (B. ves. 0.89; B. rup. 0.99), while the
social species showed substantially lower Ka (B. ter. 0.48, B. lap.
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TABLE 1 | Polymorphism and divergence estimates for control and social effect genes.
Gene Species Polymorphism Divergence Ka/Ks
N pis* pia* pisil* Ks Ka Ksil
EF-1α B. terrestris (soc) 20 0 0 0 0.89 0.08 0.89 0.09
B. vestalis (par) 18 27.9 1.7 27.9 0.82 0.08 0.82 0.09
LDRh B. terrestris (soc) 17 0 1.1 0 0.73 0.06 0.63 0.08
B. vestalis (par) 16 2.9 0.0 1.2 0.81 0.05 0.66 0.07
r2d2 B. terrestris (soc) 20 0 0.3 0 0.39 0.25 0.38 0.64
B. vestalis (par) 19 0 0 0 0.45 0.25 0.42 0.55
for B. terrestris (soc) 20 3.5 0.3 1.9 0.83 0.02 0.72 0.02
B. vestalis (par) 18 3.8 0.3 1.9 1.03 0.18 0.79 0.17
sgs3 B. terrestris (soc) 20 14.3 10.3 3.5 1.74 0.48 0.89 0.28
B. vestalis (par) 19 9.0 8.8 2.3 >3.5** 0.89 0.94 0.25**
vg B. terrestris (soc) 18 3 0.7 3.3 0.88 0.40 0.82 0.45
B. vestalis (par) 17 3.1 1.5 4.1 0.94 0.40 0.82 0.42
*For better visualization value x 1000.
**No JC corrected estimate available, uncorrected Ka and Ka/Ks reported.
N, sample size (number of chromsomes).
Signature after the species name refers to soc, social; par, parasitic (non-social parasitic cuckoo bumblebee).
TABLE 2 | Neutrality tests for social effect genes.
Gene Species Apis mellifera as Pairwise comparison
an outgroup
D* H MK H MK
for B. terrestris (soc) 1.573 −5.516 0.47 −4.747 5 * 10−3
B. vestalis (par) 1.582 −6.353 0.45 −5.281
sgs3 B. terrestris (soc) 1.033 −6.505 0.37 −16.768 0.92
B. vestalis (par) 1.224 −12.415 0.29 −12.444
vg B. terrestris (soc) 0.451 −22.431 0.71 −22.013 0.61
B. vestalis (par) 1.336 −11.118 0.70 −20.000
D*–Fu and Li’s D; H–Fay and Wu’s H; MK–McDonald-Kreitman test, p-value of the G-
test of independence. Significant values are indicated by bold letters, except for MK test
significance was inferred by coalescent simulations.
0.51). Interestingly, the rate of protein evolution was not affected
and did not differ between social and parasitic species (Table 1;
Figure 1; Table S3; Figure S1).
An MK-test revealed significant differences in B. lapidarius
(G-test, P = 0.033) and B. rupestris (P = 0.0005; Table S3). This
test was not significant for the other two species. The major
effect of this significant difference was contributed by the ratio
of non-synonymous to synonymous polymorphic sites. In all
comparisons this ratio appeared to be higher than the ratio for
the fixed differences between species. However, a huge difference
came from the number of fixed non-synonymous sites, which
is much higher in the parasitic species (∼230) compared to the
social species (∼160), while the number of fixed synonymous
differences is roughly equal between all species (∼138).
Fay and Wu’s H test was not significant, but when using H
within groups of bumblebees, a significant effect for the social
species appeared when contrasted with a parasitic species as
outgroup (B. ter vs. B. ves. H = −16.77, P = 0.03, Table 2; B. lap
vs. B. rup. H = −9.87, P = 0.022, Table S3). Thus, a signal of
adaptation came from the social species that showed high levels
of intra-specific polymorphism, low divergence, lower number
of fixed non-synonymous sites, and an excess of derived high
frequency alleles. Although this signal is hard to distinguish from
the signal of relaxed constraint that obviously was found in the
parasitic species, the lower number of fixed differences and the
signal from Fay andWu’s test indicated that despite high levels of
polymorphism, positive selection is acting on in this gene, which
might be a typical signal for a socially pleiotropic gene (Figure 1;
Figure S1).
DISCUSSION
Control genes under purifying selection (EF-1a and LWRh)
showed the expected pattern of low intra-specific variability and
low divergence to A. mellifera (outgroup). A gene under positive
selection (r2d2) also showed low intraspecific variability coupled
with high divergence. Social effect genes showed low (for, vg)
or high (sgs3) levels of intraspecific variability and low (for),
intermediate (sgs3) or high levels of divergence (vg) than control
genes.
When applying statistical tests for testing neutrality of
sequence evolution, foraging appeared to be under positive
selection in B. vestalis (MK test, significant Way and Fu’s H),
while B. terrestris showed indication for purifying selection
(significant Fu and Li’s D, low divergence). In contrast,
vitellogenin showed a slight indication of positive selection in
both social and parasitic species. For B. terrestris we found
a significant value for Way and Fu’s H in comparisons with
either A. mellifera or B. vestalis as outgroup. For B. vestalis
the result was similar, although the test using A. mellifera was
not significant. Nevertheless, for both species there was an
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indication that selective sweeps have driven alleles to higher
frequency resulting in high sequence divergence. In B. vestalis,
sgs3 showed a pattern consistent with relaxed selective constraint,
as indicated by none of the neutrality tests suggesting deviations
from neutrality. This was corroborated by the high levels
of intraspecific non-synonymous polymorphism and the high
non-synonymous divergence. In B. terrestris, Way and Fu’s H
indicated the preferential fixation of adaptive alleles (selective
sweep), although the gene showed high levels of intraspecific
non-synonymous polymorphism. Additionally, the divergence
from the A. mellifera ortholog was rather low when compared to
B. vestalis. When taking into account that this gene is expressed
in early queen-destined larvae and in adult workers, the pattern
of molecular evolution equals that for a socially pleiotropic gene,
whose evolutionary pattern is driven by antagonistic selective
forces.
Overall, no general trend for the evolution of the chosen
social effect genes was detected. Nevertheless, social effect genes
revealed signatures of higher selection coefficients in social
compared to parasitic species. This pattern could be a result
of lower Ne in parasitic species. However consistently higher
intra-specific polymorphism in parasitic species was found only
in control genes under purifying selection (EF-1α, LDRh),
while r2d2, sgs3, and for did not show such a trend. Most
of these genes have higher synonymous or silent intra-specific
polymorphism in parasitic species. This is an indication of
the effect of Ne on sequence evolution. Although synonymous
mutations are expected to be selectively neutral, there might be
weak selective forces acting on them. Synonymous mutations
might change a preferred to a less preferred codon, slightly
increasing the selection coefficient acting on such a variant and
removing it from the population. However, such weak forces
will be ineffective in populations with small Ne. Nevertheless,
the general trend shows that each social effect gene experiences
different selection pressures between social and parasitic species.
Therefore, the association of this result with gene function is
necessary to highlight the different selection pressures at play.
Vitellogenin
In insects, vg codes for a phospholipoglycoprotein involved in the
formation of egg yolk. It is produced in the fat bodies, transported
through the hemolymph and taken up by developing oocytes
(Tufail and Takeda, 2008). In social insects, this gene might
have acquired additional functions (Guidugli et al., 2005). In
honeybees, vitellogenin is known to influence queen fecundity
(Engels, 1974). Although, workers are sterile they still show
significant expression of vg. As they do not develop ovaries
that will take up vitellogenin from the hemolymph, sterile
workers might accumulate vitellogenin in their hemolymph,
potentially beyond physiological tolerable levels. However, in
honeybee workers vitellogenin shows neofunctionalization; it is
taken up by the hypopharygeal glands in nurse workers that use
it to process larval food. In that role, interacting with juvenile
hormone (JH), it is also involved in the transition from nurse
to forager (Guidugli et al., 2005). Thus, vg is a typical, socially
pleiotropic gene. Moreover, vitellogenin also plays a role in stress
resistance, immunity and longevity in both workers and queens
(Seehuus et al., 2006; Münch and Amdam, 2010; Havukainen
et al., 2013).
Ants and termites possess multiple copies of vg (Corona et al.,
2013; Morandin et al., 2014). Different copies of vg in ants
are differently expressed between queens and workers (Corona
et al., 2013; Morandin et al., 2014). Moreover, the vg copy
mainly expressed in queens is under positive selection while the
copy expressed mainly in workers experiences purifying selection
(Corona et al., 2013; Morandin et al., 2014).
In bumblebees vg is not involved in the nurse/forager
transition in workers (Amsalem et al., 2014). Vg seems to
have kept its role in queens, since its expression is associated
with queens’ reproductive status (Amsalem et al., 2014).
Contrary to the honeybee, B. terrestris shows high levels of
worker reproduction (Duchateau and Velthuis, 1989) and vg
expression shows a strong association with the reproductive
status of workers, which disappears with age (Lockett et al.,
2016).
Our study demonstrates that in bumblebees, as in honeybees,
vg is under positive selection (Kent et al., 2011). However,
the N-terminal coding region of vg differs, as it is under
purifying selection, similar to the worker-exclusive expressed
copy (VG-like-C) in ants, which codes for the N-terminal
helix (Morandin et al., 2014). It seems that the part under
purifying selection is necessary in worker behavior, while the
entire protein is mandatory in queens’ fecundity. Despite the
different history of vg evolution between ants and bees, the
evolution of vg in eusocial insects and expression differences
between castes supports the theory of genetic release followed
by diversifying selection (Gadagkar, 1997). The comparison of
vg molecular evolution between social and parasitic bumblebees
shows a stronger selection coefficient applying in social
species. This could result from the lower effective population
size in parasite species reducing the efficiency of selection.
Alternatively, in social parasites the selection pressure on vg
might be slightly lower as they produce fewer eggs than social
species.
Foraging
The foraging gene codes for cGMP-dependent protein kinase
(PKG), and it has been shown that allelic variants are directly
involved in foraging behavior in Drosophila (Osborne et al.,
1997). Moreover, foraging is known to influence olfactory, visual
learning and memory (Belay et al., 2007; Mery et al., 2007). In
eusocial insects, foraging is involved in the behavioral division of
labor (Ingram et al., 2005; Lucas and Sokolowski, 2009; Tobback
et al., 2011), but due to modulations of its expression pattern
rather than allelic variants. In some eusocial insects, foragers
exhibit higher expression of foraging compared to nurses (Ben-
Shahar, 2005; Ingram et al., 2005). In bumblebee workers, for
expression is also age-related, with a decrease in expression
with age (Tobback et al., 2011). This pattern is also found in
queens, which forage during their initial solitary phase, but
then cease foraging after producing their first workers. Queen
expression levels of for diminish in the presence of workers,
which might be a cue for queens to cease foraging (Lockett
et al., 2016). Moreover, in ants for shows variation of its
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expression pattern with the circadian cycle with the highest peak
appearing in foragers around mid-day (Ingram et al., 2011). The
diverse evidence gathered on how PKG influences the division
of labor points to its role in modulation of phototaxis and
other visual processes (Ben-Shahar et al., 2002, 2003; Ben-Shahar,
2005). Our population genetic analyses confirm the signature
of purifying selection found in honeybees (Kent et al., 2011)
and in phylogenetic analyses of ants and other hymenopterans
(Ingram et al., 2011). Our comparison of the foraging gene
between parasitic and social bumblebees reveals that species
that have lost the worker caste show slightly relaxed signatures
of purifying selection (Table 2; Figure 1) potentially due to
lower Ne.
Salivary Gland Secretion 3
Contrary to the other two social effect genes, sgs3 functions in
social insects are not known. In D. melanogaster, sgs3 encodes a
salivary glue protein that cements the surface of the salivary gland
during metamorphosis. Furthermore, expression of salivary glue
genes is regulated via the steroid hormone 20-hydroxyecdysone
(20E) via binding to the ecdysone receptor (Costantino et al.,
2008). The interaction between 20E and sgs3 is interesting,
since these hormones, like JH, are developmental hormones
and are thought to play a major role in insect polyphenism
(Simpson et al., 2011). The sgs3 gene expression pattern in
bumblebees reinforces this conclusion (Pereboom et al., 2005).
Sgs3 is highly expressed in first instar queen-destined compared
to worker-destined larvae. In fourth instar larvae and adults,
the pattern changes to worker-exclusive expression (Pereboom
et al., 2005). The exclusive expression in adult workers represents
evidence for its caste specific function. As our results show, sgs3
is the most polymorphic gene we sequenced, with both high
synonymous and non-synonymous intra-specific polymorphism
(Table 1). According to theories on molecular evolution of
social effect genes, sgs3 with its signature of social pleiotropy
fits perfectly the predicted molecular signature of social effect
genes (Linksvayer and Wade, 2009; Hall and Goodisman, 2012;
Linksvayer, 2015). In addition, the comparison between parasitic
and social species indicates that sgs3 is under stronger (positive)
selection in social species, as a significant negative Fay and
Wu’s H was found in social species when using parasitic species
as an outgroup (Table 2). Therefore, sgs3 could represent the
ideal social effect gene, having an exclusively worker-related
function and at the same time, a queen-specific function.
Further studies on evolutionary pattern of sgs3 across social
insects and on its functions, will be needed to fully grasp
its role in division of labor and the selection pressures it
experiences.
CONCLUSIONS
Our study highlights the benefits of using social insects and their
closely related social parasites to investigate the role of indirect
selection on molecular evolution. However, when studying the
evolution of social effect genes, it is important to keep in mind
their function in social and non-social species and to compare
their evolution between different eusocial insect lineages. The
importance of vg and for in the worker-worker division of
labor in eusocial insects might lead to the assumption that
similar selection pressures act on these genes, because of their
essential role in maintaining colony efficiency. However, these
two genes do show contrary types of selection acting on them.
Thus, it is essential to evaluate the role a gene has within
workers, within queens and in both. Quite different scenarios
are possible, ranging from genes involved in processes with
direct fitness effects (e.g., vg), over genes potentially involved
in both castes with conserved function (e.g., for). If genes
influencing different phenotypes are expressed in both castes
(they are socially pleiotropic, e.g., sgs3), it is expected that
antagonistic selection pressure will shape the evolution of such
genes. This is true for genes experiencing positive selection in
each of the castes, but not for genes experiencing purifying
selection.
Our study highlights the interesting case of sgs3 which
shows a signature of social pleiotropy in social bumblebees.
In socially parasitic bumblebees lacking a worker caste one
would expect to see a clear trend of positive selection as it
will produce a phenotypic effect only in reproductive females.
However, we found evidence of completely relaxed selection in
socially parasitic bumblebees, as the selective pressure almost
completely diminishes. Sgs3 is expressed in developing queen
larvae in B. terrestris and in adult worker bees. Thus, the lack of
selection in socially parasitic bumblebees implies a queen-specific
effect during larval development in B. terrestris, potentially
involved in caste determination and/or differentiation. Thus,
socially parasitic bumblebees do not only show a lack of
a worker caste, but also a lack of queen-specific function,
resulting in the absence of strong selection acting on this
gene.
We here deliver a preliminary study of a few genes with social
effects in social bumblebees and socially parasitic bumblebees
lacking a worker caste. We highlight the many different forms
of selection most likely acting on social effect genes in social
bumblebees, but also many different scenarios of function in
queens and workers that play a role if the worker caste gets lost
due to social parasitism. In order to fully grasp the evolution
of social effect genes, it is necessary to incorporate many more
genes, especially those for which a function or at least their
expression pattern in both castes throughout their lifetime is
known. Adding parasitic species that still possess a worker
caste would allow for distinguishing factors influencing the
evolution of social effect genes from those influencing parasite
adaptation. The study of direct fitness effect genes (expressed in
queens/reproductive females only) could be used as a benchmark
for genes under selection without any influence of a worker
caste.
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